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The branching ratios and photon spectra of the rare processes p(<^) — > 7r''7r''7, p{lo) titt'^j are 
calculated in the framework of the standard local quark Nambu-Jona-Lasinio (NJL) model. Three 
types of diagrams are considered: the quark box and the pole diagrams with scalar (a, ao(980)) and 
vector {p,Lo) mesons. The obtained estimations for the widths of the processes p(tt') 7r''7r''7 are 
in satisfactory agreement with existing experimental data. Predictions are made for the widths of 
the processes p{u!) 777r°7. 
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I. INTRODUCTION 

At the present time, there are many theoretical and ex- 
perimental works devoted to investigation of the rare de- 
cay processes — > Tr'^{r])Tr^j. These processes are very 
interesting for studying the mechanism of chiral symme- 
try breaking of strong interaction of hadrons. 

Recently, the branching ratios for the rare decays of p 
and Lo mesons to the pair ofpions have been measured 
with good accuracy by SND J] and CMD-2 [I collabora- 
tions at VEPP-2M e+e^ collider (see table H] where the- 
oretical estimations and experimental results are given). 
The situation for decays with 77 meson in the final state is 
worse than for radiative two pion production, there is an 
estimation for the upper limit for the decay of w-meson 
B{uj riTT°-f) < 3.3 X 10-5 at 90% C.L. only 0. There- 
fore, the theoretical predictions for the decays of vector 
mesons into rjir^^ are of large interest. 

Indeed, there are many theoretical works devoted to 
the description of these processes in different models. For 
instance, in one of the first works devoted to the cal- 
culations of these decays, the vector meson dominance 
(VMD) model was used [1,13. Only dia grams with in- 
termediate vector mesons were taken into account and 
only rough estimations of these processes were obtained. 
In 1992, in the framework of a similar model these pro- 
cesses were estimated more accurately and it was found 
that the VMD leads to too low values of the branching 
ratios d (see table 1). Lately in 0,0, fill it was found 
that inclusion of diagrams with scalar meson exchange 
increases branching ratios, which leads to better agree- 
ment with experiment. There are different methods to 
take into account the effect of scalar meson exchange. 
One of them is connected with phenomenological inclu- 
sion of the scalar pole diagram with the mass and the 
width fixed from experiment 0, M, Hflj • This method of 
inclusion of the scalar meson leads to the breaking of chi- 
ral symmetry. Other methods taking into account scalar 
effects are connected with dynamical generation of the 
scalar meson after unitarization of pseudoscalar meson 



TABLE I: Branching ratios for the processes p -K^-n'^'y and 
LO — > 7r''7r''7 obtained in experiment (upper part) and theoret- 



ically (lower part). 





p W7, 10"^ 


UJ 7rV°7, 10"^ 


SND ^ 
CMD-2 [2] 
PDG [121 


4.llJ»±0.3 
5.2ii | ±0.6 
4.4 ±0.8 


6.6t\:t ± 0.6 

6.4^2;^ ±0.8 

6.7 ± 1.1 


[5j 
[6] 
[9] 

This work 


1.1 
4.2 
3.8 
4.2 

4 


2.8 

4.7 
4.5 ± 1.1 
3.5-4.6 

8.3 



TABLE II: Branching ratios for the processes p — > r;7r°7 and 
LO r]Tv'^'y obtained theoretically. 





p — > 777r"7 


LO rjTv'^'y 




4 X 10"^° 


1.6 X 10"^ 


m 


7.5 X 10"^° 


3.3 X 10"^ 


[10] 


2.3 X 10"* 


5.72 X 10"^ 




5.2 X 10"^° 


9.7 X 10"* 


This work 


1.64 X 10"^ 


3.65 X 10"^ 
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loop diagrams or based on linear sigma model [1, [Tl| . 
Let us note that in most these models it was necessary 
to use additional parameters for description of the above- 
mentioned rare decays of vector mesons. 

In the present paper, we suggest using the well-known 
mslx ^7(3) localquark NJL model [H, H, M, El, 113, 
111, [S [M [11 [13, [la, H [11, [11 [23 for the description of 
decays of /5-,a;-mesons into a pair of neutral pseudoscalar 
mesons. The advantage of the model is that for descrip- 
tions of these processes it is not necessary to introduce 
any additional parameter. Three types of diagrams are 
taken into account: quark box and pole diagrams with 
intermediate scalar (a, ao(980)) and vector (p, lu) mesons. 
In addition, the estimations are given for the processes 
whose vertices appear in the amplitudes of pole diagrams. 

The obtained results for the decay processes p{uj) 
7r°7r'^7 are in satisfactory agreement with experimental 
data. Predictions for decay processes piuj) —> rjir'^j do 
not contradict existing experiments. 
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TABLE III: Meson masses obtained in the model in compar- 
ison with experimental data jT^]. 





model 


experiment 




loo 


lo4.y/DD ± u.uuud 


A/T 
Mk 


4yo 






511 


547.51 ±0.18 




972 


957.78 ±0.14 


Mp 


775.5 


775.5 ± 0.4 




516 


400 - 1200 


M,o(980) 


785 


984.7 ± 1.2 


M/„(980) 


1100 


980 ± 10 



II. MODEL PARAMETERS AND 
DESCRIPTION OF INTERMEDIATE 
PROCESSES 



The U{3) X U{3) NJL model is based on the effec- 
tive four-quark interaction in the scalar-pseudoscalar 
and vector-axial-vector channels and six-quark t'Hooft 
interaction. The weak interactions are introduced in 
the model with the help of redefining a kinetic quark 
term and electromagnetic interactions are introduced 
with help of VMD. Since the details of the model are 
described in many papers (see e.g. [H, IH, [13) HE Hll); 
we give here only general characteristics of this model and 
parameters of the model which are needed for our calcula- 
tions. The model contains the mechanism of spontaneous 
breaking of chiral symmetry and has six arbitrary param- 
eters: constituent masses of nonstrange m„ = = 263 
MeV and strange = 407 MeV quarks, 0(4) cut-off 
A = 1.27 GeV, the four-quark coupling constants in 
scalar-pseudoscalar Gi = 4.16 GeV~^ and vector-axial- 
vector G2 — 14.66 GeV~^ channels, and the six-quark 
t'Hooft coupling constant K = 12.5 GeV~^. The model 
parameters are defined as in [IE [1^ ^ using experimental 
values of masses of the pion, kaon and p-meson, t] ~ rj' 
mass difference, the weak pion decay constant — 92.4 
MeV, and the strong decay width p — > tttt (gp — 5.94). 
As a result, in the NJL model it is possible to describe the 
mass spectrum and main strong and electroweak decays 
of pseudoscalar, scalar, vector, and axial- vector meson 

nonets [H, M M Mu^MMMMM- 

In the following we need a meson-quark coupling con- 
stant. The scalar meson coupling constant takes the form 



9ao = 9a 



(1) 



^ Note that in the present paper for definition of model parameters 
we have used recent experimental data [12| | for p-meson mass and 
decays n — > /lu, p — > nir. 



where /^(m) is logarithmically divergent integral 



" (fc2+m2)2- 



(2) 



After taking into account the tt — ai transition there is 
additional renormalization of pion fields 



9a, 



6m2 

0.1 



(3) 



From the weak pion decay vr the Goldberger- 

Treiman relation follows = mj g-^. Physical isoscalar 
mesons are the mixed states of the pure nonstrange and 
strange states and t'Hooft interaction allows us to cor- 
rectly describe this mixing. We define these states as 



r\ — —77,1 sm f/ ± r]s cos f/, 

^ — cos d ± r\s sin ^, 9 = 9 — Oq 

a = Uu cos (j) — Os sin 

/o = cr„ sin (j) + (Tscosct), (j) = Oq - 4 



(4) 



where 9q w 35.3° is the ideal mixing angle (ctg = V^), 
9 = —18.1 and (p — 23.4 are the singlet-octet mixing 
angles for pseudoscalar and scalar mesons [2^. Meson 
masses obtained in the model are given in table IIIII 

The processes of rare decays of vector mesons are de- 
scribed by three types of diagrams (see fig. [1]): quark 
box and diagrams with intermediate scalar and vector 
mesons. 

Let us consider vertices that are contained in the reso- 
nance diagrams and calculate the corresponding physical 
processes. 

The amplitude of the processes of strong decay of scalar 
mesons ao(980) — > rjir and a —^ nn expressed through the 
divergent integral /^(m) and has the form 

_2m2^1/2 

gaTTTT = 8 COS (I)gcr^gll2 {rriu) = COS (f> ^ , (5) 



9aariiT 



\siTL9gaog,^^g-nl2{mu) = -s\n9 



The corresponding strong decay widths of scalar mesons 
takes the form 



r.(.s) 



3(7^ / 4M2 




(6) 



{Mr, ± 



{Mr, - M^f 



As a result, the decay widths ao(980) rji: and a —t tttt 
are in agreement with experiment (see table ITV)) . 
The momentum dependent width of p-meson is 



gls U'fi 



3/2 





V 



p p 1 

FIG. 1: Diagrams contributing to the amplitudes of the decays of vector mesons into pair pseudoscalar mesons and photon. 




TABLE IV: Meson decays obtained in the model in compari- 
son with experimental data 





theory 


experiment 


p - 


+ TTTT, MeV 


149 


149.4 ± 1.0 


a — 


+ TTTT, MeV 


582 


600 - 1000 


ao - 


-* rjn, MeV 


105 


50 - 100 


LU - 


^ Stt, MeV 


9.05 


7.56 ±0.07 




TT^, KeV 


86 


90 ±13 


P'' 


rjj, KeV 


69 


44 ±5 


LU - 


-+ Tvj, KeV 


771 




LU - 


-* »77, KeV 


7.68 


4.16 ± 0.46 



The decays ttj, p(uj) —>■ rjj are described by 

anomalous triangle diagrams. The amplitudes for the 
processes p{uj) —> vi'^)! have the form 



A{VP^) = Cvpv 



9p 







(7) 



-sin 6*6, Cp.^u> = ffp, 
Cpijp = — sin 9 gp, C^,-iuj = —shiOgp. Note that decays 



where 91,92 and e^j,e2 are the momentum and the po- 
larization vector of vector meson and photon, respec- 
tively. The factors Cypv are: 

3sin^?6, CajTf-y — 36, Curi^ — 

?p, 

of p{uj) 7r7 are in good agreement with experiment, 
whereas p(io) — *■ 777 are in qualitative agreement with 
experiment. 

At the end of this section, we should like to note that 
the main decay of w-meson (jj — > Stt is slightly above 
experimental data. In [2^ this process is calculated us- 
ing form-factor in the pinr vertex, which leads to better 
agreement with experiment. Compilation of model pre- 
dictions for widths of different decay processes is given 
in table |TV] together with experimental results. 



III. DECAYS p(lu) ■K°{rj)n"'y 

The amplitudes for the p{uj) '!r'^{rj)Tr'^j decay pro- 
cesses are described by three types of diagrams, see fig. 
[TJ Possible combinations of intermediate states for the 
diagrams with meson exchanges are the following: 

• p ^ {aj and lutt'^) — > 7r'^7r*'7 



^07r"7 



• — > (a J and jOTr*^) 
» p (ao7 and wtt" and pi]) — + rjir^j 



• LU 



(ao7 and pir^ and lutj) 



Let us consider these contributions in detail. 
The quark box diagram has the form [soj 



C 



(67r/.) 



r(5''''(p-9i)-«), 



where p, 93 are the momentum of vector meson and pho- 
ton; factors Cyppj are CpTrOT^o^ = 1, C^ttOttO'y = 1/3, 



C. 



-sin0/3, C(j^^o., 



sm9. 



Scalar exchange diagrams have the same tensor struc- 
ture as the quark box. Therefore it is convenient to com- 
bine these amplitudes 



^box+scalar — '-^VPPj j y 



1 - 



imsTsis) 



(8) 



where S means scalar a or ao(980) meson; the factor 
Cs is Cao = 1 and C„ = cos0; s = (p - q^ f = {qi + 
92)^, where qi and (72 are the momentum of pseudoscalar 
mesons. 

The amplitudes with the vector meson (p, lu) exchanges 
consists of two quark triangles of anomalous type and the 
vector meson propagator. It gives the following contri- 
butions: 

9p 



vector 



(57 Q A 



CvPiV'Cv'P2fllll 



VPiV"Cv"P2'r''2'-2 



(9) 



'V ""V/'i V'Viy '"'V' 

where V',V" are intermediate mesons and h = p — qi, 
I2 = p — q2- The possible combinations of factors for 
different decays are 



imv'Tv'{ll) ml 



'2 



imv"Tv"{ll) 



• p ^ 7r'^7r'^7 



CvPiV — CvPiV" — CpTTcj, Cv'P2^ — Cv"P2 



VPiV 



VPi V" 



Cpirun CyP27 — C'y"P27 — Cp7r7 
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TABLE V: Different contributions to the branching ratios for 
the processes of rare decay of vector mesons. 



process 


box+scalar 


vector 


interference 


total 


p ^ 7r07r"7, 10"^ 


2.36 


1.37 


0.27 


4.0 




4.97 


2.86 


0.47 


8.3 


p r;7r%, 10"^ 


0.56 


0.85 


0.23 


1.64 




1.22 


1.92 


0.51 


3.65 



where E^, E^^ are energies of photon and pion, P means 
pion or 77-meson(in case of pion additional factor 1/2 re- 
quired). 

The resulting branching ratios for rare processes are 
given in table [V] 

The photon spectra for widths the of the decays p 
7r'^7r*^7, UJ 7r'^7r'^7, p —> rjir^j, to — > rjir^j are shown in 
figs. [IIS Hill respectively . 



• UJ 



CvPiV 

Cv'P2f 



CvPiV 

Cv'P2-l 



Cp-rruj, CvPiV" — C'wrjwj 



The width of p meson is given by eq. ([7|) and the width 
of UJ meson is ignored. 

The decay widths have the form 



V-nOP-i 



771 max 
^7 



7 -^77 

192^^^ / / ^^'^l^^-"^^!'' 



- (M^ + Mpf 



2A'f 



'IV 



(10) 



E. 



min.max 



2Mv{2E^ - Mv) 
(Mv - E^){Mv{2E^ ~ Mv) + {Ml ~ M^)) ± E^ x 
x{Mv(2E^ - Mv) + [M^ - Mp)^)^'^ x 
X {Mv{2E^ - Mv) + {M^ + Mp)^)^'^ 



IV. DISCUSSION AND CONCLUSION 

The performed calculations show that the decays 
widths of the processes p{uj) tt^tt^^ are in satisfactory 
agreement with existing experimental data. The branch- 
ing ratio for the process uj rjir'^j also does not con- 
tradict the existing experimental limit. Comparing our 
result with predictions of different theoretical models we 
can see that decays width with 77-meson is significantly 
different. Therefore, obtaining the experimental data for 
these processes is a very topical problem. We would like 
to emphasize that in our calculation of rare processes in 
the framework of the standard NJL model no additional 
parameters are used. 

Note, that in difference with poor experimental data 
on decays p{uj) — > 777r*'7 the situation is much better for 
decays of ^-meson where rich and accurate experimental 
information exists. In future we plan to investigate dif- 
ferent decays of 0-meson. We hope to obtain reasonable 
results because predictions of the NJL model [18,, 2^, [gj 
for the 0-meson mass and the main strong decay into two 
kaons are in satisfactory agreement with experiment . 
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FIG. 2: Photon spectra for width of the decay p — » 7r°7r°7. The different contribution are shown: box+scalar meson contribu- 
tions(dots), vector meson contributions(short dash), interference(dash-dot) and total spectra(continuous line). 




FIG. 3: Photon spectra for width of the decay uj — > tt -k j. The different contribution arc shown: box+scalar meson contribu- 
tions(dots), vector meson contributions(short dash), interference(dash-dot) and total spectra(continuous line). 




FIG. 4: Photon spectra for width of the decay p —^ rjv 'y. The different contribution are shown: box+scalar meson contribu- 
tions(dots), vector meson contributions(short dash), interference(dash-dot) and total spectra(continuous line). 
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FIG. 5: Photon spectra for width of the decay ui rjn y. The different contribution are shown: box+scalar meson contribu- 
tions(dots), vector meson contributions(short dash), interference(dash-dot) and total spectra(continuous line). 
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